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The low-energy electronic states in La2 „Sr„CuO& have recently been probed by soft-x-ray-absorption
measurements as a function of doping (x) from the insulating well into the metallic (superconducting) re-
gime. A model for understanding and interpreting those spectra is presented. The electronic structure
of the active Cu-0 planes is represented by an extended three-band Hubbard model whose parameters
have been previously derived from quantum-chemical calculations. The essential additional Coulomb
interaction between the core hole created in the absorption process and the nearby valence electrons has
been included by calculating the necessary on-site and nearest-neighbor core-valence Coulomb parame-
ters. The absorption spectra are calculated using exact-diagonalization techniques for finite clusters.
The low-energy electronic structure can be represented within an effective one-band Hubbard model
whose parameters are obtained by a mapping from the three-band model. The transition operator for
the absorption process as well as the core-hole Coulomb potential are also mapped into the one-band
model. The final calculations in the one-band model are performed for the insulator (half filling) and for
several excess hole concentrations in the metal. The theoretical and experimental spectra are compared
in detail. The calculations accurately account for the observed peak intensities as a function of doping.
Important features include the gap between the preedge peaks in the metal, core-hole excitonic effects,
and transfer of oscillator strength. In particular, the preedge peak separation is the charge-transfer gap
(from the insulator) reduced by the core-hole exciton binding energy. The transfer of oscillator strength
between the observed peaks, which is a key signature of the correlated band situation, is analyzed in de-
tail. A doped charge-transfer insulator model for the electronic structure of the cuprates explains the
essential features of the x-ray-absorption data.
I. INTRODUCTION
Various high-energy spectroscopic probes of the cu-
prate materials continue to play an important role in un-
derstanding their underlying electronic structure. These
include (inverse) photoemission spectroscopy, '
electron-energy-loss spectroscopy (EELS), ' and x-ray-
absorption spectroscopy (XAS).' ' The picture em-
erging suggests that the insulating parent compounds fall
in the class of charge-transfer insulators. This em-
phasizes the importance of both the chemical character
of the valence states (Cu d character and 0 p character)
as well as the role of strong local Coulomb interactions,
primarily in the Cu d channel. ' A difficult current
problem is to understand the systematic developrn. ent of
the low-energy electronic structure as the parent insula-
tors are doped, taking the materials into the metallic (su-
perconducting) regime. This problem has been contro-
versial. Early on, XAS established the oxygen p character
of the holelike carriers introduced upon doping.
* This
is consistent with the naive picture that hole doping pulls
the Fermi level from the gap into the 0 ligand band as in
a hole-doped semiconductor. However, photoemission
data have been interpreted in terms of a collapse upon
doping of the correlation-induced charge-transfer gap
and the recovery of a more conventional (albeit interact-
ing) bandlike picture. Quite recent EELS (Ref. 12) and
XAS (Ref. 19) data provide systematic, high-resolution
spectra as a function of doping. It is the goal of the
present work to provide a detailed understanding of these
spectra and discuss the implications for a model of the
electronic states near the Fermi level.
X-ray absorption involves transitions from occupied
core levels (e.g., 0 ls for spectra near the 0 K edge) into
available empty states above the Fermi level. In the
independent-particle (bandlike) picture, this simply
probes the empty density of states, projected onto a par-
ticular local symmetry by a dipole selection rules (e.g., 0
p — like states). However, the interaction of the core hole
created in this process with the valence electrons forms a
classic many-body problem. The Mahan — Nozieres — De
Dominicis (MND) solution is well known for the case of
free-electron-like metals (i.e., neglecting interactions
among the valence electrons as well as band-structure
effects). ' The combination of excitonic effects and the
"orthogonality catastrophe" yield the associated edge
singularities in both absorption and emission spectra.
The interaction of the valence electrons with a core hole
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FIG. 1. (a) Normalized fluorescence yield at the 0Eedge of La2 „Sr„Cu04+q. The solid curves are a common background (Re
19). (b) A simpli6ed view of the electronic structure of the Cu02 planes showing the approximate local character of the transitions
responsible for states above and below the Fermi level.
qualitatively alters the spectra. In considering the XAS
for the cuprates, these effects must be included. Howev-
er, the cuprates offer an additional challenge in that
strong correlation effects are also essential to describe the
valence electrons. The MND problem must be
reanalyzed including these interactions.
The recent XAS results upon which we will focus are
reproduced in Fig. 1(a). Experimental details may be
found in Refs. 17 and 19 and references therein. The
fluorescence detection method employed ensures that
-2500 A of materials is probed; consequently this is a
bulk sensitive measurement. The key features are the fol-
lowing. For the insulating compound La2Cu04, the spec-
trum shows a single "preedge" peak (8) near 530 eV be-
fore the onset of the main 0 K edge. Upon doping with
Sr, the La2 Sr Cu04 samples yield spectra with an ad-
ditional lower-energy peak (A) which grows in near 529
eV. The strong absorption above 531 eV is largely invari-
ant with Sr doping being due to La d- and f-state wave-
function tails with p-like projection around the 0 sites.
This will not further concern us here. Overall, the
preedge peaks are separated by an energy (1.3 eV) compa-
rable to, but smaller than, the optical threshold in
La2Cu04 [=1. 8 eV (Ref. 24)]. The intensity in the lower
peak ( A ) grows systematically while that in the upper
peak (8) decreases with doping. The intensity in peak 8
is nonetheless still quite evident for x =0.15, well into
the metallic (superconducting) regime. There is also a
systematic dispersion of the peaks with doping. The re-
cent EELS data show qualitatively the same features. '
Data for Li-doped NiO follows a similar pattern, includ-
ing the decay of intensity in the upper peak.
In Fig. 1(b), the charge-transfer picture of the valence
electronic structure is sketched. The picture is based on
the observation that the insulating ground state is dom-
inated by local Cu + ions in a ~d ) configuration. This
accounts for the local S=—, ' moment observed in the
magnetic insulators. Hybridization mixes in config-
urations with the hole in the 0 p band (ligand band,
~L)). In practice, this is a strong effect, so Fig. 1(b) is
oversimplified. Consider the insulator first. The elec-
tronic structure probed spectroscopically involves addi-
tion and/or removal of an electron. The dominant
configurations involved in these transitions are identified
and indicated as bands above and below the Fermi level
corresponding to inverse photoemission (IPES) and pho-
toemission (PES), respectively. The first available states
for adding an electron involve filling a Cu d state locally.
On the other hand, the lowest-energy transition for re-
moving an electron creates a hole in the ligand band
separated from the Cu d level by the chemically derived
energy c. The energy to remove an electron from the lo-
cal Cu d state is substantially larger because of the sizable
Coulomb repulsion between the two Cu d holes, Uz, in
the final state. The XAS probes the empty states as in
IPES, but with local chemical specificity, e.g., the ligaad
components. In the insulator, the empty band is accessi-
ble due to the hybridization. Now, the naive view of hole
doping involves pulling the Fermi level into the ligand
band. Thea new states become available, separated by a
gap from the states already probed in the insulator. The
data in Fig. 1(a} are qualitatively consistent with this10034 HYBERTSEN, STECHEL, FOULKES, AND SCHLUTER 45
simplified picture of a doped charge-transfer insulator.
However, the loss of strength in the upper peak (8) is a
characteristic feature of the data, which requires a more
detailed understanding.
The essential features of the valence electronic struc-
ture, including Coulomb correlations, are described ini-
tially by a three-band Hubbard model involving the Cu
d (x — y }and corresponding in-plane pa.(x,y) orbitals.
This allows an accurate representation of both the Cu d
and 0p degrees of freedom which enter the present prob-
lem. The Cu d(3z — r )and other ligand orbitals are
neglected. This is justified in part experimentally by the
small z component observed in polarized EELS (Refs. 10,
11, and 13) and XAS (Ref. 14} measurements and in
part theoretically on the basis of band-structure calcula-
tions. ' The parameters for the model were derived ear-
lier from quantum-chemical calculations. In order to
handle the MND problem, including the valence correla-
tions, exact diagonalization techniques are applied to
finite clusters. This has the advantage of treating all the
correlations exactly, but only for very small clusters. The
cluster-size limitation is alleviated to some extent by
mapping the electronic structure and the x-ray-
absorption process into an effective one-band Hubbard
model. This mapping can be done accurately for the
empty band together with the band introduced by doping
and allows for sufficiently large clusters to be treated.
A full analysis of the 0 E-edge XAS is given as a func-
tion of doping. A brief account was presented in Ref. 19.
Quantitative comparison is made to the experimental
spectra. The favorable agreement supports the present
Hubbard model for the electronic structure. The com-
bination of the experiment data with the present theory
contradicts models where the correlation gap collapses.
However, the naive picture of doping is not fully correct
either. Such thinking, based on an ionic, independent-
particle model for the insulating gap, does not capture
the transfer of oscillator strength observed with doping.
%e show in detail that it occurs, however, naturally
within the Hubbard model. This transfer is a characteris-
tic feature of the correlated band picture. It is this sup-
port for the correlated band picture (present Hubbard
model or extensions of it) that is the central result of the
present work.
The balance of the paper is organized as follows. The
three-band Hubbard model used to describe the valence-
band electronic structure is summarized in Sec. II. The
valence-core Coulomb interactions are obtained and the
model for the XAS is given. In Sec. III, the mapping to
the one-band Hubbard model is given and tested. The
method for treating the doped materials is presented.
The results for the XAS appear in Sec. IV and these are
compared to experiment. The role of core-hole excitonic
effects is discussed. The characteristic transfer of oscilla-
tor strength is analyzed in Sec. V. In Sec. VI, the present
results are briefly compared with some other probes of
states near the Fermi level. Concluding remarks appear
in Sec. VII. An appendix analyzes the effect of strong im-
purity potentials on the XAS.
By convention, all operators are in the hole picture.
Hole creation physically refers to photoemission probing
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FIG. 2. Illustration of the extended three-band Hubbard
model showing all the interactions including those involving the
0 1s core level. (a) The level structure shown for electron ener-
gies. (b) The orbitals retained in the Cu02 planes.
states spectroscopically below the Fermi level and hole
annihilation probes states above the Fermi level. Howev-
er, for clarity, all spectra are presented and discussed in
the standard electron picture, i.e., with PES below the
Fermi level at low energy and IPES (XAS) spectra above
the Fermi level at higher energy.
II. X-RAY-ABSORPTION
IN A THREE-BAND HUBBARD MODEL
A. Three-band Hubbard model
Early on, it was suggested that a three-band Hubbard
model is an appropriate starting point for the electronic
structure of Cu02 planes common to all supercondueting
cuprates. The self-consistent band-structure calcula-
tions showed that the bands near the Fermi level are
dominated by the Cu d(x — y ) orbital strongly hybri-
dized with the associated 0po(x, y) orbitals. These are
the orbitals which are explicitly treated in the three-band
Hubbard model with the assumption that no other orbit-
als directly enter into the low-energy dynamics. The oth-
er orbitals do renormalize (screen) the parameters which
describe the orbitals explicitly retained. In formal terms,
the Cu02 planes consist of Cu + and O ions for the in-
sulating parent materials. Therefore it is natural to adopt
a hole picture to describe the Hamiltonian. The vacuum
configuration is taken to be ~d' p ) so the ground state
consists of one hole per formula unit.
The parameters which are included in the model are il-
lustrated in Fig. 2. These fall into three categories: one
electron on-site and hopping integrals, direct Coulomb
integrals, and exchange Coulomb integrals. The Hamil-
tonian is truncated after two neighbor shells: '45 MODEL FOR LO%'-ENERGY ELECTRONIC STATES PROBED BY... 10035
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B. X-ray-absorption process
The core hole created during the x-ray absorption is
described by (Fig. 2)
»n»+Upn, ni, +g Udndsn„,
5
(2)
where the sum over the 0 sites is implicit and 5 refers to
the neighboring Cu sites. This has been written for the
case of an 0 1s core hole. In accordance with the final-
state picture, it is assumed that screening of the core hole
is fast compared to the lifetime of the core hole as well as
the time scale for the absorption process. Therefore the
parameters in Eq. (2) are assumed to be statically
screened. The exchange terms in the core-valence
Coulomb interaction are neglected.
Here the hole creation operators cd and c act on the
Cu d (x — y ) and 0po (x,y) channels, respectively, with
density operators, e.g., n =e c . The explicit lattice
site indices have been suppressed for clarity.
The parameters for the three-band Hubbard model ap-
propriate for the cuprates have been discussed by several
groups based on first-principles calculations, ' ' de-
tailed analysis of experiment ' and general argu-
ments. ' There is general agreement on the values. %e
use the values we obtained previously
' for La2Cu04
(Table I). The resulting model Hamiltonian has been
studied extensively using exact diagonalization tech-
niques for small clusters. From studies with the present
(or similar) parameters for the cuprates, it has been found
that this model accurately represents various properties
of the cuprates when compared to experiment. The insu-
lator is found to be accurately represented by an S= —, '
Heisenberg antiferromagnet with the superexchange of
the correct magnitude. The charge-transfer gap is
approximately correct. ' ' The position and resonance
properties of the satellite features in the PES are
correct. ' Finally, the dynamics of carriers are found to
be approximately symmetric between electrons and
holes, in agreement with the doping dependence of the
low-frequency oscillator strength observed in optical mea-
surements.
In the presence work on the x-ray-absorption spectra,
we use this parameter set without further adjustment.
XF(fico (EN„— E~o)) ~ (3)
In this expression, the state vectors are full many-body
eigenstates with N holes including a core hole in the final
state and n indexes the final states. The usual 5 function
has been replaced by a general line-shape function to ac-
count for the finite lifetime of the core hole, phonon dy-
namics, and instrumental resolution. For systems with
translation symmetry, Eq. (3) gives the absorption per 0
site. If there are other perturbations, e.g., impurity po-
tentials, then the spectra must be averaged over distinct
0 sites. No fluctuations in the core-hole number are be-
ing considered explicitly. Then the evaluation of Eq. (3)
is similar to the one-particle Green's function appropriate
for IPES, but where the Hamiltonian for the final states
includes the potential due to the core hole.
The calculations can be carried out for a finite number
of particles and sites using direct diagonalization tech-
niques. For the line-shape function, a Gaussian is as-
sumed. This is based on the resolution function for the
experiments reported in Fig. 1(a) (0.3 eV Gaussian), the
estimated contribution of phonon broadening (0.3 eV
Gaussian), and the smaller contribution due to the 0 ls
inverse lifetime (0.2 eV Lorentzian for free atoms). ' This
leads to the final broadening employed: 0.5 eV Gaussian,
full width at half maximum (FWHM). The ls lifetime is
likely to be shorter for 0 atoms in the solid due to in-
creased p-shell occupancy as well as intersite Auger
processes.
The expression for the x-ray-absorption cross section
includes all the elements of the classic MND problem.
The excitonic interactions are present through the final-
state Hamiltonian. The "orthogonality catastrophe"
enters through the full many-body final-state wave func-
tion. In practice, the calculation is carried out for a finite
(small) number of valence holes. Therefore, the final den-
sity of states and the edge singularities of the extended
The dipole selection rule appropriate to the absorption
process is assumed to limit the final-state electron to the
same site as the core hole. The value of the dipole matrix
element is absorbed into an overall constant. The absorp-
tion cross section is
A (co)=Bgl(N, nlc„cp IN, O~I
n, cr
TABLE I. Parameters for the three-band Hubbard model describing La2Cu04. Hole notation is
used in connection with the phase conventions shown in Fig. 2.
Ud
10.5
Up
1.2
U,g
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system cannot be reproduced. However, given the
amount of broadening described above, such long-time
(asymptotic) behavior cannot be resolved experimentally
either. The influence of finite-size effects can be checked
computationally by comparing results from different size
clusters.
C. Screened core-hole Coulomb interaction parameters
The procedure for calculating the necessary core-
valence interaction parameters follows closely the earlier
work of Ref. 28. The response of the valence electrons is
calculated self-consistently in the presence of a frozen-
core hole, e.g., an 0 Is hole. The extra (screening) elec-
tron required to maintain charge neutrality is placed
self-consistently into the valence bands. This procedure
closely follows the conditions of the x-ray-absorption pro-
cess so the screening response well represents the spec-
troscopy of interest. The core hole is introduced in a su-
percell geometry to isolate the local perturbations. For
the present case, &2X&2 and 2X2 unit cells were con-
sidered in the basal plane of La2Cu04 centered on an 0
site. The smaller cell was already adequate to represent
the local response to the core hole. The calculations were
carried out within the local-density approximation (LDA)
of density-functional theory using the linearized-mu5n-
tin-orbital (LMTO) method. The technical details are
the same as described in Ref. 28, except the f orbitals on
the La sites were dropped.
The dominant effect of the core hole is to strongly lo-
calize 0 2p states on the same site. Figure 3 shows the lo-
cal levels pulled out from the bottom of the bands. The
two strong peaks correspond, respectively, to the po. or-
bital pointed towards the neighboring Cu sites and the
two pm orbitals which are orthogonal. The bound states
reflect a strong 2p valence electron to 1s core-hole attrac-
tion, U,~ in Eq. (2). The nearest-neighbor U,d results in a
shift of Cu 3d states to lower energy on average, but no
bound states are created.
In order to obtain the Coulomb interaction parameters,
the effective local on-site energy is extracted from the
LDA calculations. For the 0 2p case, the lower of the
bound peak positions is used, relative to the Fermi level.
For the Cu 3d case, the shift in the average d energy is
calculated by integrating over the Cu d density of states.
In the context of the three-band model, treated within a
mean-field approximation, these represent screened ener-
gies:
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FIG. 3. In-plane oxygen p-like density of states with and
without a frozen 1s0 core-hole calculated within the LDA.
A paramagnetic solution has been imposed, consistent
with the LDA calculations so the spin index has been
suppressed. The zero superscript refers to unperturbed
results. The numerical factors reflect the fact that only
one 0 neighbor to the Cu is perturbed by the core hole
while two Cu neighbors to the 0 are perturbed. Based on
analysis of the LMTO results, the perturbation of the
charge density beyond nearest neighbor is negligible.
This expresses the needed Coulomb parameters in terms
of changes induced by the core hole. The on-site energies
are being compared relative to a Fermi level which would
be unchanged in the limit of a large supercell.
The charge densities and energy shifts from the LMTO
calculation have been analyzed to provide all the quanti-
ties needed in Eqs. (5) giving U, =6+1 eV and
U,d=1.3+0.5 eV. These satisfy U, ) U~ (=4 eV) and
U,d ~
Uzd (=1. 2 eV) as one would expect. Given the rel-
atively large uncertainties in U,d, we have chosen to fix it
to the limit set by the valence pd interaction: U,d=1.2
eV. The changes in density used in Fig. (5) should more
properly have been calculated within the self-consistent
mean-field treatment of the three-band model Eq. (1),
rather than the full LMTO scheme. As a check, this
mean-field calculation has been carried out with the
present values of U,d and U, ; the resulting local levels
agree with the LMTO calculations to within the overall
error bars.
Ed"=ed+ U d+ Ud(nd )+4U d(n ), (4a) D. Comparison to band models
"=s +U, +U (np )+2'„(n„), (4b)
where the densities are calculated in the presence of the
core hole. The corresponding expression in the absence
of a core hole (superscript 0}is used to obtain
(
MF
) (
MF e )0
=U,„+ , 'U„((nd &— (n —))+Ud((n &— (n & ),
(5a}
(
MF
) (
MF )0
=U~+ —, ' U ((n )— (n ) )+2U d((nd )— (nd )") .
(Sb}
Recently, detailed LDA band calculations have been
done for the 0 K-edge absorption cross section in CuO
(Ref 41) a. nd YBazCu307. In both cases, an
independent-particle model is applied so that the empty
0 2p density of states, possibly weighted by dipole matrix
elements, is compared to the measured spectrum. The
advantage of the band approach is to include the micro-
scopic chemical details of all the atomic states in the
problem allowing the spectrum to be calculated over an
energy range up to 20 eV above threshold. In Ref. 42, aH
the symmetry distinct 0 sites are considered, including
the calculated chemical shifts. The results show that the
features observed well above threshold are well explained45 MODEL FOR LO%'-ENERGY ELECTRONIC STATES PROBED BY... 10037
by the bandlike p-symmetry phase shifts. However, the
region near threshold is not well represented. In particu-
lar, the details of the preedge peaks do not follow from
the band model. For the case of CuO, a metallic band
structure is used to model an antiferromagnetic insulator.
The case of YBa2Cu307 is more subtle. The presence of
the chain states complicates the XAS. This material is
already metallic: the band theory and the photoemission
agree in general terms with regards to band dispersions
and Fermi surface. Therefore band theory may appear
to be adequate for this case.
The band model is deficient in several respects. First,
the core-hole excitonic interactions have been neglected.
Analysis of our results above the Fermi level shows that
the inclusion of the core-hole potential significantly alters
the state distribution near threshold but does not explain
the observed spectra in Fig. 1(a). Second, the many-body
matrix element for the absorption process is not con-
sidered. This has an important contribution to the line
shape near threshold.' Finally, the band theory
neglects essential correlations required to yield a gap in
the insulating state. This is particularly important for
understanding the evolution in the spectra of Fig. 1(a)
from the insulating to the metallic state. In the band
model, doping is represented by a right-band picture. As
recognized in Ref. 42, this implies that the band model
will not yield new features near threshold for the physi-
cally relevant range of doping.
III. X-RAY-ABSORPTION
IN AN EFFECTIVE ONE-BAND HUBBARD MODEL
A. Effective one-band Hubbard model
The charge-transfer picture illustrated in Fig. 1(b) ex-
plicitly includes the chemically distinct Cu and 0 degrees
of freedom. For a spectroscopy which covers the full
valence band, this is essential. However, the dynamics of
carriers near the charge-transfer gap region (or the Fermi
level) may be described accurately by a simpler, efFective
Hamiltonian. Anderson suggested that the one-band
Hubbard model would describe the essential dynamics.
Zhang and Rice gave explicit arguments based on an
analysis of the three-band Hubbard model showing extra
carriers could be described by an effective single-band
model. The hole case is nontrivial. The basic idea is
that the extra hole goes into the ligand band, as shown in
Fig. 1(b). The Cu d to 0 p hopping stabilizes the singlet
combination of the ligand hold with a hole already
present on a Cu site over the triplet combination. This
bound singlet is split off from the ligand band edge and
propagates through the otherwise interacting spin back-
ground via an effective one-band Hamiltonian, the so-
called t-J model. These ideas have prompted consider-
able effort to analyze the three-band Hubbard model for
realistic parameters to ascertain the applicability of one-
band models. '" Because of the large covalency, the
mapping to an effective reduced-band model is not au-
tomatic. Nonetheless, it has been found that one-band
Hubbard and single-band t-J models in fact can accurate-
ly represent the carrier dynamics for the present range of
+gt'c; c;+s + , 'Q—Un; n, (6)
The index 5 (5') corresponds to the (next)- nearest-
neighbor sites. With reference to Fig. 1(b), and in a hole
representation, the lower Hubbard band corresponds to
the electron side of the charge-transfer gap while the
upper Hubbard band represents the excess holes in the
ligand band. One must recognize that the underlying
chemical content of one hole on a site is mostly Cu d-like
(about 80%) while two holes on a site are roughly 50%
Cu d and 50% surrounding 0p character. The site in-
dex in Eq. (6) refers to an efFective site consisting of a cen-
tral Cu atom and surrounding 0 orbitals. Implicitly
these are formed in an orthogonal set on a simple square
lattice. The t refers to nearest-neighbor hopping energy
while t' refers to the second-neighbor hopping energy
across the diagonal. The effective U is equivalent to the
charge-transfer gap for a Cu04 cluster.
The parameter values for Eq. (6) as derived from the
three-band Hubbard model are t =0.43 eV, t'= — 0.06
eV, and U=4. 1 eV with a=0 used as reference. These
refer to the hole picture. The hopping parameters well
represent both electron and hole dynamics in a range of
finite clusters. The somewhat larger value of U (5.4 eV)
given in Ref. 30 was chosen to most accurately represent
the superexchange implied for the insulator by the finite
cluster results without concern for simultaneously fitting
the charge-transfer gap. The value used here well
represents the charge-transfer gap found using the three-
band model in the finite clusters. This is important for
the present problem. We also note that the resulting su-
perexchange energy is only about 30% larger with the
present U=4. 1 eV. The charge-transfer gap has been
calculated for a series of clusters with periodic boundary
conditions using the present one-Hubbard model. The
result is 6=2.7 eV, in agreement with the earlier extra-
polation from finite cluster calculations but somewhat
larger than experiment.
Mapping the x-ray-absorption process into this one-
band model requires representation of an explicitly 0-
centered process which is associated to the nearest-
neighbor links of Eq. (6). The H„„of Eq. (2) must be re-
cast in terms of the parameters in Eq. (6). This is under-
stood as follows. Since no dynamics of the 1s core hole
are explicitly considered, only the interaction terms in
Eq. (2) need be considered. These enter as a local poten-
tial near the core hole in the final-state Hamiltonian. The
large U, centered on a link wi11 disrupt the effective hop-
ping between sites; i.e., it will reduce t for that link. The
U,d will act largely as a potential shift (hs) on the Cu
component of the site energy on either side of the link.
The U,~ will disrupt the singlet formation, while U,d, by
effectively reducing c, — cd, will enhance the singlet bind-
ing. The net resulting change in U for the neighboring
sites is a small reduction. The one-band representation of
parameters.
We consider both sides of the charge-transfer gap on
an equal footing using a one-band Hubbard model:
H,it= g c,n, +g tc; c;+s
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H„„has been explicitly calculated by considering spec-
tra for Cu207 clusters including a core-hole potential.
The resulting local changes are accurately represented by
Ac.L, (~)=1.1 eV, tL~ =0.20 eV, and UL(~)=3.7 eV,
where L (R) refers to sites to the left (right) of the link
upon which the core hole is created. The value of t' as
well as the value of t for other links are not significantly
altered. The transition operator appearing in Eq. (3)
must be recast in terms of the effective sites. Qualitative-
ly, the link-centered transition must have nonzero ampli-
tude on the underlying 0 p orbital at the center of the
link. With the positive sign for t, the two effective sites
must have opposite phase. The effective site has 0 p
character, which varies between the singly and doubly oc-
cupied cases. Therefore, we replace c~ in Eq. (3) by
1 0 = —[~L, f(nL, ) c~ f— (n„)] .
2
(7)
The operator f(n) [Eq. (15)]takes on different values de-
pending on occupancy: f, — : f(n =1)=0.27 and
f2— =f(n =2)=0.47. These were obtained from the cal-
culated XAS for the Cu207 cluster using the three-band
model.
We tested this mapping by explicit comparison with re-
sults from the three-band Hubbard model for four Cu-site
clusters. This is shown in Fig. 4 for a Cu40, 2 cluster with
a square geometry and open boundary conditions. The
corresponding effective one-band model consists of four
sites. As can be seen, the effective one-band model accu-
rately reproduces the calculated absorption cross section
both for the insulator (zero extra holes) as well as the hole
doped cases. The positions of the main peaks agree to
within about 0.2 eV. The peak weights are also accurate-
ly reproduced. The upper peak is systematically smaller
in the one-band model. However, if we take the scale
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FIG. 4. Comparison of the XAS spectra of Cu40» calculated
using the extended three-band Hubbard model to the spectra
calculated using the one-band Hubbard model for a four-site
cluster. Spectra for zero, one, and two extra holes are shown.
from the lower peak intensity in the one excess hole case
(i.e., "25% doping"), the difference is about 10% or less.
This provides one source of uncertainty in the calculated
peak intensities presented below. Overall, the agreement
is excellent.
The key element of this mapping is to recognize that
physical processes which have some chemical specificity
must be represented in the one-band model using effective
operators that reflect the underlying orbital character of
the wave function on the effective side.
B. Model for carrier-concentration fluctuations
The carrier-concentration dependence of the XAS is
explicitly considered for the case of La2 Sr Cu04,
where the carriers are introduced through Sr doping.
Each Sr site has a corresponding "impurity potential"
which should be considered in any calculation of spectra.
In general terms, one expects at low doping levels to ob-
serve the effects of a set of impurity levels in the gap.
The precise nature and role of such impurity levels is not
clear. In one scenario, the insulator-metal transition
occurs in La2 Sr CuO& at about x =0.06. This sug-
gests deeply bound acceptor states with effective radii of
order one to two lattice spacings. Model calculations
support this picture. In this case, the influence of a
strong impurity potential on the XAS must be con-
sidered. We have analyzed this in detail, as summarized
in the Appendix. The relevant conclusion is that the po-
sition and intensities of the peaks are essentially un-
changed, once one averages over all distinct 0 positions
relative to the Sr site. This is quite different from the
case of photoemission or optical spectra, where states in
the gap are directly observable. This result follows from
the locality of the x-ray-absorption probe and the chemi-
cal shift of the 1s levels by the impurity potential. How-
ever, an important consequence of this scenario is that
fluctuations in the Sr distribution correspond to fluctua-
tions in local carrier density, at least below the insulator-
metal transition. Even in the metal, there will be approx-
irnately the same number of carriers locally as Sr atoms
to maintain charge neutrality. This again leads to fluc-
tuations in the local carrier density.
An alternative scenario is suggested by transport mea-
surements. ' Analysis of the temperature dependence
in the low doping range (0 doped but equivalent to
x=0.01) lead to an activation energy (0.1 eV. This sug-
gests a much weaker perturbation by the impurity poten-
tial which may be ignored, given the energy resolution of
the XAS. But local fluctuations in carrier density can
still be of importance. Consider a simple metal with car-
rier density x. For a fixed volume, the number of carriers
in that volume will be subject to quantum-mechanical
Auctuations: ( n )=x but ( (n — x ) )%0.
Either scenario leads to the same general conclusion: a
certain average doping, e.g., 10%, is not the same as the
corresponding fixed number of carriers in a small simula-
tion cell, e.g., one carrier in ten sites. There will always
be fluctuations in the number of carriers in a cell of fixed
size. We argue that a good representation of the spectra
for average concentration x is given by an incoherent
average:45 MODEL FOR LOW-ENERGY ELECTRONIC STATES PROBED BY... 10039
A (co,x)= g P„(x, N)A„(co).
n=0
(8)
The probability I'„ for n carriers in a box of size N sites
given average concentration x enters as well as the corre-
sponding spectra for a fixed number of carriers, A„.The
distribution P„must sum to unity and yield average n
equal x. A basic assumption here is that the box size is
sufficiently large to contain the physically important
correlations for the x-ray-absorption process, within the
energy resolution of interest.
In the dilute limit, with a strong impurity potential,
there is no coherence between the regions near a dopant
(hence with a carrier) and regions without a dopant. As-
suming the simulation cell is large enough to enclose the
acceptor, the incoherent average of Eq. (8) is appropriate.
The Sr dopants are assumed to be randomly distributed
without site correlations. Then the probability for the
occurrence of n carriers in the simulation cell is the same
as for Sr dopants within the equivalent chemical cell.
The distribution function derives from Poisson statistics
for the occurrence of a Sr atom in a region of N Cu sites
for La2 Sr Cu04.
(2N)! x
n! (2N — n)! 2
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The factors of 2 in the available sites follow since there
are two La atoms per Cu atom. This "impurity" distri-
bution is plotted in Fig. 5 for x =0.2 and N =10 (open
circles).
We emphasize that this argument cannot describe the
region near the insulator-metal transition in detail. In
the metallic regime, we noted that charge neutrality sug-
gests that the carrier density locally follows the impurity
distribution. Therefore the distribution Eq. (9) is still a
reasonable choice. Alternatively, quantum-mechanical
fluctuations can be modeled by a simple nearest-neighbor
tight-binding band for spinless fermions with band occu-
pancy x. This approximates the excess carriers in the
Hubbard model. The resulting "metallic*' distribution
for ten sites with x =0.2 is plotted in Fig. 5 (full circles).
It is noticeably sharper than the corresponding impurity
distribution. In mean-field theory, there are some corre-
lations in the cell occupancy beyond Poisson statistics.
Clearly the incoherent average employed in Eq. (8) is a
more subtle question. We do note that the length scale
for potential (density) fluctuations is comparable to the
size of the present simulation cell. Also, the averaging
procedure does not alter the coarse graining of the energy
spectrum which results from using a finite cell size.
For a given simulation cell size, fluctuations near the
site of the x-ray-induced transition are taken into ac-
count. For sufficiently large cell size, altering the precise
number of carriers in the cell would have a negligible im-
pact on the spectrum and the average in Eq. (8) would be-
come irrelevant. We find that the present cell is big
enough to contain the important local correlations; the
fluctuations accounted for by Eq. (8) are noticeable quan-
titatively, but do not control the qualitative results.
C. Summary of procedure for calculations
The results presented in the next section are calculated
with the one-band Hubbard model described here. The
square simulation cell contains ten sites with periodic
boundary conditions. Direct diag onalization tech-
niques are used to get the ground state for a given num-
ber of holes. For the present parameters, we find that the
symmetry of the ground states (N
& /N
& ) are (5/5)
S=O,k=O; (6/5) S=
—, ', k=n(4/5, 2./5); (6/6) S=O,k=O
or k=m.(1/5, 3/5); (7/6) S=—, ',k=n (4/5, 2/5); and (7/7)
S=O,k=0. The k vectors are given in units of square
lattice parameter a =1. The spectral function for the
transition operator 0 of Eq. (6) is then calculated itera-
tively applying the Lanczos algorithm to the final-state
Hamiltonian, which includes the core-hole potential.
The final-state interactions break the translational sym-
metry in this Hamiltonian. The results are summed over
spin configurations of the final state including the core
hole. For ground states of nonzero total momentum,
spectra must be averaged over symmetry distinct pairs of
sites, i.e., a horizontal and a vertical link. Sum rules have
been checked, and the spectra presented exhaust more
than 99%%uo of the oscillator strength for 0. The spectra
for integral excess hole number are then averaged accord-
ing to Eq. (8) to yield spectra for average carrier density,
X.
For comparison to experimental spectra, the calculated
spectra are shifted by a common constant which amounts
to fixing the otherwise unknown 0 1s binding energy c,&,
in the model Hamiltonian. The relative positions of all
the features, as a function of doping, follow directly from
the solution of the Hamiltonian without any adjustment.
Similarly, the overall amplitude is adjusted only for the
insulating case, x =0. All other relative intensities derive
from the many-body matrix elements without further ad-
justment.
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IV. RESULTS AND DISCUSSION
OF EXPERIMENT
FIG. 5. Probability of n extra holes in a ten-site cluster with
average excess hole density of 0.2 calculated from Poisson
statistics (open symbol) and a simple (metallic) mean-field model
(closed symbol).
In Fig. 6(a), the spectra for fixed carrier number are
shown for the ten-site cell. For the insulating case, a sin-
gle main peak is observed. Physically, the main peak cor-
responds to transitions into the empty band
(~d )~~d' )), which has an admixture of 0 p10040 HYBERTSEN, STECHEL, FOULKES, AND SCHLUTER
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the Fermi level and the gain in oscillator strength from
the region of peak 8. The dispersion of peak 8 to higher
energy reflects the loss of oscillator strength from the
low-energy side of the peak. The shape of the peak A is
noticeably asymmetric for the present choice of broaden-
ing function. This is also a signature of the core-hole ex-
citonic interaction. The increased width of the peaks
with larger x is due to the average in Eq. (8).
The spectra in Fig. 6(b) may be analyzed for compar-
ison to experiment. The zeroth, first, and second mo-
ments have been calculated for the underlying un-
broadened spectra. These moments yield the peak inten-
sity, position, and, when combined with the "experimen-
tal" Gaussian FWHM of 0.5 eV, a measure of the peak
width, respectively. The analysis of the experimental
spectra was presented in Ref. 19. Spectroscopic con-
stants were obtained by fitting to a pair of Gaussians after
removal of a common background from each. Deviations
from a Gaussian line shape were small.
The comparison between theory and experiment' is
reproduced in Fig. 7. The rate of growth of peak A to-
gether with the corresponding decay of peak B is well
reproduced by the theory [Fig. 7(a)j. This transfer of os-
cillator strength is a key signature in the experiments.
The size of the symbols reflects uncertainties in the ex-
traction of the experimental intensities from the data.
The "error bar" shown for the theoretical intensity is a
best guess for the effect of various sources of uncertainty.
FIG. 6. (a) Calculated 0 I(:-edge absorption cross section for
the indicated fixed number of excess holes in a planar unit cell
containing ten Cu sites. (b) Calculated 0 E-edge absorption
cross section for the indicated range of average excess hole con-
centrations.
configurations due to hybridization. A small higher-
energy feature is also present. It is a remnant of the top
of the empty band. (This is clear with reference to Fig.
9.) Upon introduction of excess carriers, a lower-energy
peak appears. With increasing number of carriers, the
lower peak grows in intensity and shifts to still lower en-
ergy. At the same time, the upper peak loses intensity
and shifts to higher energy. Physically, the new peak
corresponds to transitions into the ligand band
( Id L )— + Id ) ) made possible by the presence of excess
holes induced by doping. The separate feature on the
high-energy side of the lower peak in the three- and
four-hole spectra also appears in the density of states. It
is presumably a finite-size effect. The calculated peak
separation between the upper peak in the insulator and
the lower peak in the one-hole case is about 1.9 eV. This
is comparable to, but smaller than, the calculated charge
transfer (Mott-Hubbard) gap (2.7 eV). The substantial
reduction in the effective gap is due to a core-hole exci-
tonic shift.
The spectra in Fig. 6(a) have been averaged using the
"impurity" distribution to yield the absorption cross sec-
tion as a function of carrier concentration. The results
are shown in Fig. 6(b) for 0.0~x ~0.2. This figure pro-
vides a smooth visual image for the evolution of the spec-
tra with carrier concentration. The net dispersion of
peak A with x is due to the combined effect of motion of
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FIG. 7. Comparison of experiment (Ref. 19) and theory for
(a) peak intensity, (b) peak position, and (c) peak width of XAS
preedge peaks as a function of Sr concentration.45 MODEL FOR LOW-ENERGY ELECTRONIC STATES PROBED BY... 10041
These include the accuracy of the mapping to the one-
band model discussed in the preceding section as well as
finite-size effects and the choice of distribution function
in Eq. (8). The experimental and theoretical peak intensi-
ties have been fit by a polynomial in doping concentra-
tion, x. Normalizing to the intensity of peak Bat x =0,
0 ~
0 ~
0
M„= 8.9x — 12.8x (expt. ),
M~ =8.6x — 11.5x (theor. ),
Ms =1.0— 3.4x+5.9x (expt. ),
M =1.0— 3.3x+4.3x (theor. ) .
(10a)
(10b)
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The lower peak 3 grows in about two to three times fas-
ter than the upper peak B decays away. Not only is there
transfer of oscillator strength out of peak 8, but the total
oscillator strength available for XAS is growing rapidly.
The latter rejects the predominately 0p-character of the
states introduced by hole doping. This oscillator strength
is discussed in detail in the next section. Overall, the
theory accurately reproduces the rate of change of the
spectral weights of doping.
The systematic dispersion of the peak positions [Fig.
7(b)] is seen in the calculation. The absolute peak separa-
tion is overestimated by about 0.4 eV, mostly because the
calculated charge-transfer gap is also too large. Uncer-
tainties in the excitonic shift which traces back to the
value calculated for U,d may also contribute. Finally, the
calculated width of the peaks [Fig. 7(c)] is seen to be non-
trivial. The dashed line shows the width introduced by
the line-shape function discussed in Sec.IIB. The second
moment of the calculated spectral peaks is comparable.
The experimental features are substantially broader.
There could be several reasons for this. First, the line-
shape function was based in part on a value for the 0 1s
lifetime for a free atom. As noted, it will be shorter in
the solid. Second, the results described in the Appendix
show that dopant potential effects can lead to a broader
lower peak ( A). Third, the extraction of a width for peak
B in the experimental spectra may be more uncertain be-
cause of the background subtraction.
Two sources of uncertainty in the model calculations
are analyzed in Fig. 8. The calculated peak intensities for
three different distributions P„arecompared in Fig. 8(a):
Poisson (impurity) statistics, simple metallic fluctuations,
and no average (5 function). They agree by construction
for the insulating case (peak 8 at x =0). The systematic
trends are independent of the distribution used in averag-
ing. However, the quantitative rate of growth of peak 3
is slowest for the impurity distribution which is the
broadest (Fig. 5). Finite-size effects are empirically as-
sessed in Fig. 8(b). Peak intensities are plotted for eight-
and ten-site calculations. The calculation directly yields
absorption per 0 site; no adjustment of scale has been
made between the two cases. The upper peak seems to be
most sensitive to the boundary conditions. The eight-site
cell exhibits first-neighbor coupling within the cell but
second-neighbor coupling systematically doubled by the
periodic boundary conditions. Boundary effects should
be more important for that case. Also, the spectra are
noticeably coarser grained. However, peak separation is
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FIG. 8. (a) Comparison of calculated peak intensities as a
function of carrier concentration for a Poisson distribution
(solid symbols), simple metallic distribution (open symbols), and
a 5-function distribution (X,+ ). (b) Comparison of calculated
peak intensities using a Poisson distribution in an eight-site cell
(open symbols) and in a ten-site cell (closed symbols).
not significantly altered. Overall, finite-size effects and
the details of the averaging do not significantly alter the
quantitative results. This suggests that the ten-site cell is
sufficiently large to contain the important correlations
around the core hole.
The Coulomb interaction of the valence holes with the
core hole is significant for the shape of the x-ray-
absorption spectra. This is illustrated in Fig. 9. The
spectra for three carrier concentrations are reproduced
by the solid lines. The dashed lines show the correspond-
ing spectra neglecting the effect of the core-hole poten-
tial. The two sets of spectra have been aligned at the
edge of the lower peak for x =0.1. The interaction with
the core hole has two striking effects. First, the upper
peak is pulled out of the empty band with most of the os-
cillator strength concentrated in a single peak. The result
is a strong peak, shifted down in energy. These attributes
probably play an important role in making transitions
into the upper Hubbard band observable as a preedge
peak in the measured spectrum. This classic core-hole
exciton is precisely what occurs in a conventional insula-
tor or semiconductor, e.g., diamond. The band diagram
in Fig. 10(a) illustrates how this occurs in the charge-
transfer insulator. The local d levels, thought of roughly
as a conduction-band edge, are pulled down by U,d adja-
cent to the core hole. This acts as a potential in the gap,
binding down a level. Transitions take place into this
empty level below the band edge. Second, the line shape
for the lower peak A appearing in the doped material is
sharpened towards the Fermi edge. This is due the MND
divergence for the simple metal case and traces to the
pileup of low-energy electron-hole — pair shakeups. It10042 HYBERTSEN, STECHEL, FOULKES, AND SCHLUTER
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FIG. 9. Calculated XAS spectra for indicated average carrier
concentrations with (solid lines) and without (dashed lines) the
e8'ect of the core-hole potential, illustrating excitonic e8'ects.
evident. The experimental peak A is well fit by the sym-
metric Gaussian. From this point of view, the lack of
asymmetry in the experiment may correspond to the
larger width noted in Fig. 7(c).
The observable result of the core-hole potential is sum-
marized in Fig. 10(b) showing that the peak separation is
in fact just the charge-transfer gap, reduced by a core-
hole exciton binding energy. Frequently, the role of the
core-hole exciton has been ignored for the 0 K edge (e.g.,
Ref. 13). However, we find that it can be substantial
compared to the gap, tracing back to the importance of
the first-neighbor core-hole valence Coulomb interaction
Ucd
The overall comparison of theory and experiment
strongly supports the doped charge-transfer picture of
La&,Sr,Cu04 well into the metallic regime. This is also
consistent with recent EELS measurements. ' We stress
that this insulator derives from strong local correlations
in contrast to a conventiona1 ionic insulator. The crucial
signature of the correlated band situation is the transfer
of oscillator strength in Fig. 7(a).
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should be noted that this is observed for the present small
cell because the density of states is spread out by the
strong valence interaction effects. Also, the full effects of
the many-body matrix element in Eq. (3) (orthogonality
effects) are not developed for such a small number of par-
ticles. Finally, if the line shape used in Eq. (3) were
broader (e.g., 1 eV), the asymmetry would no longer be
V. OSCILLATOR STRENGTH TRANSFER
IN A CORRELATED BAND PICTURE
The characteristic decay of peak 8 in Fig. 1(a) with
doping has also been observed for 0 K-edge spectra from
Li-doped NiO. The brief explanation given for this
effect relied on earlier arguments applicable to the rela-
tive satellite intensities in Lz 3-edge measurements of
NiO. In that case, a final-state destructive interference
effect occurs due to the phase between the Ni d and 0 p
orbitals. However, 0 K-edge spectra calculated for small
clusters representing the Cu-0 planes of the cuprates
show that this particular final-state destructive interfer-
ence effect occurs only for much-higher-energy final
states which are weak and not pertinent here. The fina
state corresponding to peak B for doped cuprates in fact
shows the same phase between the d and p orbitals as that
for the lower-energy peak A. Nonetheless, small cluster
calculations definitely show the decay in oscillator
strength for the upper peak B, as illustrated in Fig. 4.
This weight is transferred to the lower peak and derives
from a different, more subtle, final-state interference.
In this section, we discuss this characteristic oscillator
strength transfer in the context of the one-band Hubbard
model. This is a general argument with application to
severa1 types of spectra. %'e first illustrate it for the one-
particle Careen's function associated with electron addi-
tion or removal from a single site in the Hubbard model
(IPES or PES). Then, the more complex case of XAS is
considered. The key physical features are summarized at
the end of the section.
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FIG. 10. (a) Band diagram illustrating the role of the core
hole Coulomb potential. (b) Schematic spectral function result-
ing from the band diagram in (a).
For the single-band model, there is a simple pair of
sum rules for the moments of the spectral function below
and above the Fermi level, irrespective of correlations:45 MODEL FOR LOW-ENERGY ELECTRONIC STATES PROBED BY... 10043
E
M,p"— = den 3 cu =2— n; =1— x, 11a
M,'~"=—f des A (co)=g (n; )=1+x .
EF
(1lb)
The spectral function is normalized to give a total of two
for the full band. The operator n; refers to the hole den-
sity. The concentration x of excess holes is given by
g ( n, )= . 1+x. These are exact results. The discussion
of transfer of oscillator strength focuses on the spectral
distribution of the 1+x available empty states, above the
Fermi level.
For a simple, uncorrelated ionic insulator, doped with
excess holes from a source which only weakly perturbs
the lattice potential, the distribution of empty states is
trivial. The usual conduction band has weight 1 in the
present units independent of carrier concentration while
the band opened up by doping has weight x. This situa-
tion could be altered by strong potential perturbations
leading to impurity levels deep in the gap. These would
pull spectral weight from both the valence and the con-
duction band. However, this would not lead to the
present situation of two peaks still separated by approxi-
mately the full gap.
The correlated band picture is qualitatively different.
We first consider the case of no hopping, i.e., t =0, and
make the argument for the one-band Hubbard model in
the electron picture. [Referring to Fig. 1(b), the zero of
energy is in the ligand band. ] In the insulator, the empty
band is separated from the occupied band by the
Coulomb energy U. When adding an electron to probe
empty states, there are N sites on which to place it, with
spin opposite to the electron already present, always at
energy U. Now consider the hole-doped case with one
excess hole. There are still N — 1 sites where it requires
energy U to add the electron. However, on the site of the
extra hole, the electron may be added with either spin up
or spin down, with zero energy. From this one sees that
the higher-energy band has lost one contribution, while
the lower-energy band has gained two contributions for
every added hole. For finite excess hole density x, the
weight of the upper bands becomes 1— x, while the
lower-energy band induced by doping has weight 2x. The
correlated picture gives a strikingly different spectral dis-
tribution of empty states than does the simple ionic band
picture. Part of the weight in the band at high energy is
transferred to the low-energy region as holes are intro-
duced.
The strong local Coulomb interaction gives a static
transfer of oscillator strength. When the hoping is re-
stored, the upper and lower bands spread out. For the
parameter range appropriate to the cup rates, the
Coulomb interaction is strong enough to maintain a
(pseudo)gap between the upper band and the band intro-
duced by doping. Quantitatively, the fluctuations intro-
duced by the hopping lead to an additional dynamic
transfer of oscillator strength which further enhances the
strength of the low-energy peak at the expense of the
higher-energy peak.
Harris and Lange developed a theory of spectrally
resolved moments in the limit of small t/U. This analysis
provides the integrated weight in each discrete band.
However, it does not distinguish between empty and oc-
cupied states. When carried out strictly to order tlU in
the operators, one finds the weight for the bands at ener-
gies zero and U,
M;.o=g (n, )+T,=1+x+T;, (12a)
M;.U=2—g (n; )— T;=1— x — T;, (12b)
which includes the static transfer described above as well
as a dynamic transfer of weight between the two spectral
regions given by
T, =— g t, ((1 "n;— n — )(.c; c~ +c~ c; )) .
1
&J & — o J— o &cJ go go to. (13)
The hopping matrix t J. includes t and t' of Eq. (6). All
operators refer to the hole picture. The dynamic transfer
is related to the average kinetic energy per site of the ex-
tra carriers. The factor involving the density operators
serves to project out the kinetic energy associated with
superexchange; T; =0, for half filling. Physically, the dy-
namic transfer for the doped case is due to intersite in-
terference. Near the extra hole, the final state can consist
of singly occupied nearest-neighbor sites or a doubly oc-
cupied site and an empty site. These channels are cou-
pled by the hopping and constructively (destructively) in-
terfere for the lower (upper) band in the hole-doped case
(T, &0).
We now discuss the moments for the case of IPES. For
hole doping, the entire spectral weight at high energy
(i.e., M;.U) is due to the empty states. This together with
the sum rule Eq. (lib) gives the portion of spectral
weight at low energy (i.e., M;.0) which is above the Fermi
level:
M .O' =M "— M;. U =2x +T; (dopant band), (14a)
M .U'=M~. &= 1— x — T; (upper band) . (14b)
This is a general result. It includes static transfer and an
explicit expression for the dynamic transfer T; in Eq.
(13),which is valid to order t /U
The transfer of oscillator strength is illustrated in Fig.
11(a). The spectral weight function is plotted for a se-
quence of excess hole numbers in the ten-site lattice for
the present parameters in Eq. (6). The transfer of weight
from the upper band to the dopant band above the Fermi
level is quite evident. Furthermore, one can see that
qualitatively the weight is pulled from the near edge of
the upper band. The upper band appears to disperse to
higher energy while the lower band both expands to
lower energy as the Fermi level drops as well as expand-
ing into the gap region. The apparent band-edge separa-
tion remains about constant. For the present parameters,
at least a pseudogap persists to quite high hole concentra-
tions. (A weak tail may extend through the gap. ) How-
ever, the spectral strength above the gap is systematically
depleted. This effect has also been observed in other cal-
culations, both within the three-band ' as well as the
one-band Hubbard model.10044 HYBERTSEN, STECHEL, FOULKES, AND SCHLUTER 45
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core-hole potential in the subsequent discussion and focus
on the qualitatively larger effects due to the form of the
transition operator.
The transition operator, Eq. (7},can be written out ex-
plicitly as
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Two contributions alter the moments:
M~ =
—, '(fz ff )g (— (n, 1)(n; — 1)—
(16a)
(16b)
where the density operators explicitly project singly and
doubly occupied sites. The ij are the pair of sites that
define the link (the 0 site) and hence are always nearest-
neighbor pairs. The zeroth moments of the spectral func-
tion for 0, give the total weight in emission and absorp-
tion, the analog of the sum rules in Eqs. (11):
FIG. 11. (a) Hole and electron parts of the imaginary part of
the one-particle Green's function for the effective one-band
Hubbard model as a function of excess hole count in a ten-site
cell (Gaussian broadened, 0.5-eV FWHM). The zero of energy
is set to midgap in the insulator and the Fermi energy is indicat-
ed by the ticks. (b) Calculated oscillator strength in the upper
and lower bands of the empty part of the one-particle Green's
function as a function of excess hole concentration (solid sym-
bols, with lines to guide the eye). One unit corresponds to a half
filled band in the free-electron case. The lines indicate the static
t/U~O result 1— x and Zx, respectively.
The calculated spectral strength in the empty portion
of each band is plotted in Fig. 11(b). The lines indicate
the static oscillator strength. The dynamic transfer is the
difference. It is quantitatively important because it is
linear in tjU, being due to intersite interference. Al-
though tIU=0. 1 in the present case, T; is non-
negligible. Numerical evaluation of Eq. (13) shows that
the t/U expansion yields much of the dynamical transfer
in Fig. 11(b}(e.g., 70% for x =0.2).
B. Spectral weights: X-ray absorption
X-ray absorption near the 0 K edge is more complicat-
ed than IPES and contains interesting new features.
Since a link-centered operator is used, cross terms arise in
the various expressions for the moments with new in-
terference effects. This is reasonable since the 0 p
valence enters the one-band Hubbard model in part
dynamically through the hopping integrals. There are
also final-state effects due to the core hole which inhuence
the spectral distribution. However, explicit calculation
shows that the transfer of weight from peak 8 to peak 3
is enhanced by no more than about 10% due to the core-
hole potential. For simplicity, we do not include the
+(n 1)(n —— 1)),
Mi'j =—
—,
' & (I:fi+2fi(f2 f, }n, —
(17a)
+(f~ f, ) n, n— ]
This traces to the dependence of the static 0 valence on
the local occupancy in the one-band Hubbard model.
This varies with doping. The total number of real 0 p
states is constant. However, only part of the p manifold
is actually represented in the one-band model. The frac-
tion covered depends on doping.
The spectrally resolved weights for 0; may be calcu-
lated to order t /U:
M, o=f2(1+x)+TJ. ,". (19a)
M;, .U=f, (1— x)— T,, (19b)
The transfer contains a diagonal term as in the preceding
section plus a cross term:
(17b)
There are two important differences from Eqs. (11): (i)
the factors f & and f2 distinguish the 0 valence for singly
and doubly occupied sites; (ii) the moments explicitly in-
clude dynamic terms. Physically, M' ' has enhanced
weight due to the static 0 p valence of doubly occupied
sites introduced by hole doping, (fz f, )x. The d— ynam-
ic terms are M,.",which measures fluctuations creating an
extra doubly occupied site and an empty site, and M,
which derives explicitly from the hopping. Both contrib-
ute to the effective 0 valence, although M, is small, be-
ing effectively higher order in t/U. The total spectral
weight depends on the doping concentration:
Mab~+Mcm~~ (f
2+f
2 )+(f
2 f
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T, =—, 'f,f2( T;+T, ) f— ,f2T,',
where T; is given in Eq. (13)and the cross term is
t;j
o
+[n; +n 2— n, n
+(ci c; c;t. c +c.c.)]) .
(20) 04
0.2—
(a)
The first term represents a correlated double hop between
sites i and j, which requires one to be doubly occupied
while the other is empty. This is a small contribution, be-
ing higher order in t/U when evaluated. The second
term acts together on pairs of sites which have one spin
on each site, projecting out singlet combinations. It is a
measure of short-range antiferromagnetic order. For a
pair of sites with an extra hole, only the density operators
act, either constructively or destructively, with T;+T.
depending on the relative phase for the extra hole on sites
i and j. %hen evaluated for the hole-doped case, both
T,.&0 and T,') 0, so there are competing effects in T; .
The weight in the individual x-ray-absorption peaks is ob-
tained by combining Eqs. (19b) and (16b):
M'.' =M' '— M". =2f x+T +M"+M'" ij;0 ij ij; U 2 ij jiij
(peak A ), (22a)
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M;bsU=M; U=f &(1.— x)— T, (peak B) . (22b)
This is a general result with the expressions for T,"
correct to order t/U. The static transfer is enhanced by
the extra 0 valence assigned to a doubly occupied site.
For the case of the insulator (x =0), TJ=—
(M~~+M~)
to first order in t/U.
The total spectral weight in the absorption spectrum is
shown in Fig. 12(a) for zero, one, and two extra holes in
the ten-site cluster (no statistical averaging). For com-
parison to IPES, the spectral weights are given in units of
states per site. For the insulator, the value of about 0.2
states/site is essentially the 0 p weight in the ground
state, as calculated earlier in the three-band model.
This rises rapidly with doping since added holes have
predominately 0 p character. The solid line gives the
static contribution from Eq. (16b). The dynamic contri-
butions from M;" and M,'., represented by the difference,
are significant even for the insulator. They grow slowly
with doping. The individual peak weights are plotted in
Fig. 12(b). Results from Sec. IV (without core-hole po-
tential) are indicated by the solid symbols. The open
symbols show the results of the first-order expressions
Eqs. (19). The order t/U results well represent the full
calculations. The errors are indicated by the nonzero
spectral weight for peak 2 in the insulator (about 5% of
peak B) which result from combining the exact expres-
sions Eqs. (16) with the first-order results to get Eqs. (22).
The first-order expression for T,
- deviates from — (M,"+M, ) by about 20% for x =0.
The decay of peak B consists of two parts. First, there
is the static transfer of oscillator strength discussed previ-
ously. The solid line shows the contribution, which is the
FIG. 12. (a) Calculated total intensity in the x-ray-absorption
cross section in units of states per site (solid symbols) as a func-
tion of hole concentration. Solid line gives the static contribu-
tion. (b) Weights in peak A and peak 8 separately from the full
calculation (solid symbols, without effects of the core-hole po-
tential) in comparison to the first-order expressions Eqs. (22)
(open symbols, with lines to guide the eye). Dashed and solid
lines from the static term and the dynamic transfer term T;, are
plotted separately (+).
first term in Eq. (22b), plus the dynamic contribution to
the 0 P valence in the insulator T; (x =0). The s.tatic
transfer accounts for 30— 40% of the loss in spectral
weight. Second there is the change in the dynamic
transfer. T; is also shown in . Fig. 12(b). This is the other
60— 70% of the loss in peak B. The change in T; is
about half due to decay of local antiferromagnetic spin
correlations measured by the second term in Eq. (21).
The other half is derived from the mechanism discussed
for inverse photoemission (T; ). The static contribution
to the growth of peak A is shown by the dashed line in
Fig. 12(b). It accounts for about 60— 70% of the weight.
The dynamic contributions to the 0 p valence together
with transfer from peak B account for the remaining
30— 40%.
This gives a detailed account of the spectral weight
transfer implied by the present one-band Hubbard model
for x-ray absorption near the 0 E edge. Although the
numerical results are for modest size clusters, the expres-
sions are general and the trends are established. Equa-
tions (22) could be used more generally with a compara-
ble order approximation for evaluating the necessary ex-
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An interesting question to ask is whether the XAS
places constraints on the strength of the local interac-
tions, i.e., the value of U/t in the one-band Hubbard
model ~ Using the general expressions discussed above,
we have analyzed the calculated moments as a function of
Ult Fo.r each value, f, can be regarded as a disposable
parameter which can be fit to give the rate of growth of
the total absorption, M' '. The value off2 is fixed since
it rejects the fact that doubly occupied sites are approxi-
mately 50% 0p and 50% Cu d in general. Based on this
analysis, we conclude that the rates of change of the XAS
peak intensities roughly constrain U/t to the range 8— 10.
Larger values would lead to the contradictory result that
the 0p valence in the insulator (f, ) should be an increas
ing function of U/t (essentially the charge-transfer gap).
Substantially smaller values of Ult cannot be analyzed
using the tIU expansions used here. However, for a
value of Ult smaller than 6, the gap between the preedge
peaks in the XAS for the metallic samples would col-
lapse. For the present value of t, U/t less than about 8
would lead to a charge-transfer gap smaller than experi-
ment.
C. Summary of peak intensity evolution with doping
The systematic dependence of the spectral weight on
doping concentration is one of the key signatures in the
x-ray-absorption experiment. We have given a detailed,
general analysis of the spectral weights within the one-
band Hubbard model. The 0 p valence is probed by the
0 K-edge measurements. The strength of peak B in the
insulator is proportional to the p valence admixed in the
insulator. The holes added by doping are predominately
0p character. Therefore, the new transitions which give
peak 3 in the doped material are proportionately
stronger. In the one-band Hubbard model, these effects
are manifested both through static and dynamic contri-
butions, but this is the physical explanation. The strong
local Coulomb interactions lead to a static transfer of
weight from peak B to peak A as extra holes are intro-
duced by doping, enhanced by the extra p valence associ-
ated with the dopant holes. There is an additional dy-
namic transfer which derives from final-state intersite in-
terference and the reduction of local antiferromagnetic
correlations upon doping. This transfer of oscillator
strength is responsible for the decay of peak B with dop-
ing and contributes to the rate of growth of peak A.
In comparing with the rigid density of states depicted
in Fig. 1(b), the striking feature of the data is the decay of
the intensity of peak B. We have shown that the correlat-
ed band picture, exemplified by the present Hubbard
model, naturally explains that behavior. These results
should extend beyond the restricted range of the present
one-band model. For example, the results in the Appen-
dix show that the spectral weight distribution for x-ray
absorption is not disrupted by a strong impurity potential
which could be associated with the doping process. This
is despite the fact that the corresponding level is quite
deep and would dramatically alter the one-particle
Green's function. We also expect that longer-range
Coulomb interactions will not qualitatively change the
spectral distribution, provided that the corresponding
valence exciton binding energy is not too large compared
with the optical gap.
VI. DISCUSSION OF RELATED EXPERIMENTS
Photoemission and IPES can probe the states near the
Fermi level. Two widely cited results appear to contra-
dict the XAS data and our interpretation in terms of a
doped charge-transfer insulator. First, the Fermi level
appears to be pinned during doping with new states filling
in the gap region, in contrast to Fig. 1. Second, the Fer-
mi surface area mapped out by angle-resolved PES is
"large" in agreement with band theory. This is to be
contrasted with the naive picture, implied by a doped in-
sulator model, of "pockets" with area proportional to the
doping density. We discuss both points and conclude
with comparisons to optical data.
Direct comparison of PES from La& „Sr„Cu04 and
Nd2 Ce Cu04 suggested that the Fermi level was
pinned at the same position independent of whether it
was n or p doped. This alignment was inferred because
the main valence-band feature in the photoemission spec-
tra (near — 3 eV) was at the same relative binding energy
for both materials. The weakness with this argument is
the differences in crystal structure of the two materials,
with corresponding differences in electronic structure.
Detailed evidence for this comes from band-structure cal-
culations which should give reliable estimates for
crystal-field and hybridization differences. The calculat-
ed Fermi level is about 1.2— 1.4 eV from the first prom-
inent edge in the valence-band density of states in
La2Cu04&. However, in Nd2Cu04, the separation is
only about 0.2— 0.4 eV. This suggests that there could
be as much as a 1-eV difference between the materials in
the position of the Fermi level relative to the ligand p-
band side of the charge-transfer gap. In other words, the
apparent constant distance between the Fermi level and
the main valence-band feature could be due to a cancella-
tion of two shifts of order 1 eV. A different type of exper-
iment has been done actually monitoring the change in
the Fermi level with further addition of holes to an exist-
ing metallic system. Upon adding further 0 to
Bi2Sr2CaCuz08+&, motion of the Fermi level deeper into
the band by about 0.2 eV is observed, consistent with a
conventional doping picture. Finally, recent x-ray PES
data have been obtained for Y counterdoped samples,
which allows study of the motion of the Fermi level from
the metallic regime back to the insulator. Several core
levels as well as the main valence-band peak were moni-
tored showing substantial Fermi-level shifts, also con-
sistent with a conventional doping picture.
If the Fermi level were pinned near midgap indepen-
dent of doping, an alternative bandlike scenario might be
proposed. The states induced by doping would fi11 in the
gap drawing weight equally from both sides of the
charge-transfer gap to recover the continuous density of
states found in the band calculations. The data from
photoemission do not uniformly support such a scenario.
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present parameters (but no impurity potential) were illus-
trated in Fig. 11 and contradict this scenario. The Fermi
level moves from somewhere in the gap for the insulator
into the band upon doping, in agreement with other,
similar calculations. The XAS neither confirm nor
contradicts such changes in chemical potential directly
since only one type of carrier was introduced. However,
the data in Fig. 1(a) do support the robustness of the un-
derlying bulk charge-transfer gap as well as subsequent
motion of the Fermi level into the band with further dop-
ing. The present work therefore suggests that the
charge-transfer gap derived features do not collapse upon
doping.
The states near the Fermi level have been extensively
mapped out for YBa2Cu306 9 using angle-resolved PES.
The results show a large area Fermi surface which is in
remarkably close agreement with band calculations.
Similar agreement has been obtained for
Bi2Sr,CaCu20, . ' This might appear to contradict the
model of a doped charge-transfer insulator. Operational-
ly, the Fermi surface separates regions of high and low
momentum density, i.e., n(k)) —, ' vs n(k)( —, ', where
n(k)=(c& ck ). In the calculations for the one-band
Hubbard model, or equivalently the t-J model, the Fermi
surface defined in this way has been found to have a
volume corresponding to all the particles in the band, not
just the extra carriers. ' The local spins contribute ac-
tively, beyond forming the background medium. Argu-
ments based on the resonating valence-bond ground state
for the doped Hubbard model have also suggested that
transport coefficients such as the Hall number would be
proportional to doping while the apparent Fermi surface
would correspond to all the spins. ' The parameters
used for the t-J model calculations of the Fermi surface in
Ref. 70 are compatible with those used here and derived
earlier. Thus, the one-band Hubbard model used here
to describe the XAS is apparently consistent with the
large Fermi surface observed for other cuprates.
There are several interesting comparisons to optical
measurements. The measured peak separation in XAS
(1.3 eV initially) is similar to the onset of the charge-
transfer band measured optically [1. 8 eV (Ref. 24}]. The
optical transition is in principle shifted by a valence exci-
ton binding energy. Both gaps have the same physical
origin, but with quantitatively different exeitonic shifts.
The calculated 0.8-eV excitonic shift in the XAS would
then be consistent with a 0.3— 0.4-eV valence exciton
binding energy. However, measured photocurrent spec-
tra give a threshold for charge-transfer excitations of
2.0+0.1 eV. This suggests a somewhat smaller valence
exciton binding energy of =0.2 eV. The rapid buildup of
low-energy oscillator strength in the optical spectra upon
doping is accompanied by a collapse of intensity at the
charge-transfer energy. This is similar to the transfer of
spectral weight found in XAS and may have a similar ex-
planation. However, further work is required to explore
this suggestion. Finally, impurity-induced levels, while
not important for XAS, may play an important role in
the distribution of low-energy transitions observed opti-
cally. Deep impurity levels would influence only the
low-energy side of peak A in the XAS (see the Appendix).
They do not fill in the observed peak separation, a point
of confusion in the literature. ''
VII. CONCLUSIONS
The detailed, quantitative analysis of the x-ray-
absorption spectra of Laz Sr Cu04 presented in this
paper has relied heavily on our earlier work deriving pa-
rameters for a three-band Hubbard model to represent
La2Cu04 (Ref. 28}and our mapping of these results onto
a one-band Hubbard model. Here we find that a chemi-
cally specific spectroscopic probe (i.e., XAS) for states
near the charge-transfer gap can be well represented by
an effective one-band Hubbard model with definite pa-
rameters and a clear physical interpretation of the opera-
tors. The favorable comparison between theory and ex-
periment should be regarded as strong support for essen-
tial features of that one-band Hubbard model. Perhaps it
is more useful to turn the argument around. The x-ray-
absorption spectra reflect three essential aspects of the
electronic structure: (i) the 0 p valence as a function of
doping: (ii) the size of the charge-transfer gap; and (iii)
the strength of the coupling (Ult) The an. alysis in Sec.
V clearly supports the importance of local correlations
and the adequacy of the one-band Hubbard model to
represent these three essential features. The observed
rate of change of the spectral weights with doping seems
to require a value of Ult in the range 8-10 together with
the approximate 0p valence used here (20— 30%%uo p char-
acter in the insulator and 70— 80%%uo p character for holes
added by doping). This is clearly in the range where
strong local correlation effects are important. It does not
exclude the possibly important role of impurity poten-
tials, further neighbor Coulomb interactions, or other in-
teractions for explaining other properties of the cuprates.
However, it does add support to our basic framework for
describing the electronic structure.
In summary, we have presented strong evidence that
the electronic structure of the cuprates can be well de-
scribed as a doped charge-transfer insulator well into the
metallic (superconducting) regime. This model explains
the XAS in detail. It is compatible with many other data,
including the observed area of the Fermi surface. It
remains a challenge to understand the implications of this
model in detail for experiments which probe the electron-
ic structure of the cuprates on a smaller energy scale.
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FIG. 13. XAS spectra with one extra hole for 0 atoms at
four different sites relative to a Sr impurity atom calculated in
the effective one-band Hubbard model. The final curves show
the spectrum averaged over 0 sites (solid line) in comparison to
the spectrum calculated in the abscence of the dopant potential
(dashed line). The inset shows the cluster geometry and the 0
sites (A -D).
APPENDIX: EFFECT
OF STRONG IMPURITY POTENTIALS
Following earlier work, the Sr acceptor potential is
modeled by that of a statistically screened (e=5) point
charge centered at the Sr site. In the one-band Hubbard
model, the first shell potential shift is V'
p } — 0.89 eV,
the second-neighbor shell is V; 2=— 0.46 eV, etc. Cal-
culations were done in a ten-site cell with periodic bound-
ary conditions. The ground-state calculations with, and
without, the dopant hole in the presence of the impurity
potential establish an acceptor binding energy of 0.7 eV.
About 75% of the acceptor hole charge density is local-
ized on the first-neighbor shell of four sites. The spectra
for all the symmetry distinct 0 sites (links) in the simula-
tion cell must be averaged to obtain the cross section per
0 site. There are four distinct 0 sites (labeled A D)—
shown in the inset to Fig. 13. The acceptor potential also
introduces a chemical shift of the 0 1s core levels, which
is used to align the spectra for sites A — D.
X-ray transitions, which occur near the dopant where
the acceptor hole charge density is large, should show an
intense lower preedge peak. Far from the dopant, the
spectrum should recover to the insulator with a single
preedge peak. In Fig. 13, the lower preedge peak is in-
tense for site A and decays with distance while shifting to
higher energy as the sites get further from the dopant.
The upper preedge peak is weak for site A, but recovers
intensity with a small shift. The average spectrum is very
similar to the spectrum for an extra hole in the absence of
the dopant potential. The lower peak is inhomogeneous-
ly broadened by the deep acceptor.
These results can be understood in simple terms. Fig-
ure 14(a) is a real-space presentation of the on-site ener-
gies in the presence of the dopant potential. By analogy
to a band diagram for a doped semiconductor, the gap re-
gion is between the p level and the d level with most of
the available empty states above this "conduction-band
edge." The dopant potential locally shifts the p and d
levels as well as the 0 1s core level. The p levels are lo-
cally pushed into the gap region creating an attractive
potential well for excess holes which binds the deep ac-
ceptor level (dashed line) by Eb. This level is the new
empty state introduced by doping. For transitions from
each 0 1s level, the electron may be placed into the ac-
ceptor level from site i giving a component of peak A:
Eis-
A(E) ii
A
All
X
1s Sr
Lattice Sites
E~ =E~ — E~~+E~ ~E~
The amplitude for this transition is proportional to the
acceptor envelope function, decaying quickly to zero out-
side the radius of the acceptor. The electron may also be
placed into the conduction band, as in the insulator.
However, since these are local transitions, they probe the
local density of states which will peak near the local d
level contributing to peak B:
I
I
Ep- Eis Ea —E]s
E
Ea,i=Ed — Ej,s+ ~sr, d, i ~E)s, i .
FIG. 14. (a) Band diagram illustrating the role of the dopant
potential due to a Sr impurity atom. (b) Schematic spectral
function resulting from the band diagram.
The d- and 1s-level shifts are approximately the same, so
the transition energy B is only slightly perturbed from its
value in the insulator.45 MODEL FOR LOW-ENERGY ELECTRONIC STATES PROBED BY... 10049
The combined transitions for sites at varying distances
from the Sr dopant give a spectrum sketched in Fig.
14(b). Transitions into the acceptor level are strongest
near the Sr site, decaying further away. The shift in posi-
tion is due to the combined effect of the constant accep-
tor binding energy Eb and the spatially varying chemical
shift of the 1s level. This implies that the signature of the
acceptor levels occurs on the low-energy side of the
lower-energy preedge peak A. The separation between
peak A and Bis not reduced by the deep accelerator level.
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